The flattening of leaves to form broad blades is an important adaptation that maximizes photosynthesis. However, the molecular mechanism underlying this process remains unclear. The WUSCHEL-RELATED HOMEOBOX (WOX) genes WOX1 and PRS are expressed in the leaf marginal domain to enable leaf flattening, but the nature of WOX expression establishment remains elusive. Here, we report that adaxial-expressed MONOPTEROS (MP) and abaxial-enriched auxin together act as positional cues for patterning the WOX domain. MP directly binds to the WOX1 and PRS promoters and activates their expression. Furthermore, redundant abaxialenriched ARF repressors suppress WOX1 and PRS expression, also through direct binding. In particular, we show that ARF2 is redundantly required with ARF3 and ARF4 to maintain the abaxial identity. Taken together, these findings explain how adaxialabaxial polarity patterns the mediolateral axis and subsequent lateral expansion of leaves.
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In Brief
The flattening of leaves to form broad blades is an important adaptation. Guan et al. show that the adaxial-expressed MP, abaxial-enriched auxin, and abaxialexpressed ARF repressors together position WOX expression in the middle domain. This finding describes how adaxial-abaxial polarity patterns the mediolateral axis and thus leaf flattening.
INTRODUCTION
The flattening of leaves to form broad blades is an important adaptation that maximizes photosynthesis. Following initiation from the shoot apical meristem (SAM), leaf primordia develop three axes of asymmetry, a proximodistal axis, an adaxialabaxial axis, and a mediolateral axis, to form planar leaves. Patterning the mediolateral axis (from the midrib to the margin) promotes leaf blade outgrowth, and depends on adaxial-abaxial patterning (also known as dorsoventral, or up-down polarity) [1] .
Extensive molecular genetic studies have identified a transcriptional regulatory network containing leaf abaxial-and adaxial-promoting genes [2] [3] [4] [5] [6] [7] . Adaxial-abaxial polarity establishment requires domain-specific expression of these transcription factors and small RNA encoding genes. It has been proposed that incipient leaf primordia may be prepatterned into adaxial and abaxial domains [6] . Regulatory genes expressed in the abaxial domain suppress those expressed in the adaxial domain and vice versa. In particular, the adaxialexpressed mobile trans-acting small interfering RNA3 (TAS3) forms a gradient [8] and restricts its targets, AUXIN RESPONSE FACTOR3 (ARF3, also known as ETTIN) and ARF4, to the abaxial domain [9] [10] [11] . Likewise, abaxial-expressed MicroRNAs 165 and 166 (miR165/166) form an opposite gradient [12] [13] [14] and restrict the expression of class III homeodomain leucine zipper (HD-ZIP III) genes PHABULOSA, PHAVOLUTA, and REVOLUTA to the adaxial domain [15, 16] . These and additional mutual repression and positive regulatory interactions confine and stabilize gene expression regions to fine-tune adaxial-abaxial polarity. In addition to gene expression, auxin transport leads to a transient adaxial low auxin domain that is required for adaxial-abaxial patterning [17] .
The adaxial-abaxial polarity establishment promotes leaf blade outgrowth, and this mediolateral axis growth requires the activity of leaf meristems (also called marginal blastozones) [18] [19] [20] . Although leaves are determinate organs and do not contain anatomical features typical of meristems, transient leaf meristems, which are restricted to the marginal domains, enable leaf blade expansion [21] . Expression of WUSCHEL-RELATED HOMEOBOX1 (WOX1) and PRESSED FLOWER (PRS)/WOX3 of Arabidopsis in the marginal domain (also called the middle domain) between the adaxial and abaxial domains is critical for leaf blade outgrowth [22, 23] . WOX1 homologs in maize, petunia, Medicago, and tobacco have similar expression patterns and control leaf blade outgrowth [23] [24] [25] . WUSCHEL (WUS), which is required for the SAM [26] , can substitute for WOX1 and PRS functions in the leaf [27, 28] , and vice versa [29] , suggesting similarities between leaf meristems and the SAM.
WOX expression in the leaf marginal domain enables leaf flattening, but little is known about how the expression domain of WOX genes is established. In fact, we also know little about the nature of activation of other stem cell-promoting WOX genes. In this study, we found that the recently identified abaxial auxin maxima work with domain-specific ARF activators and repressors to precisely activate WOX1 and PRS expression in the marginal domain, thus defining the WOX domain for leaf blade outgrowth.
RESULTS

Spatially Refined Auxin Signaling in the Middle Domain of Young Leaf Primordium
We have recently shown that transient abaxial-enriched auxin distribution contributes to leaf patterning [17] . We sought to identify downstream targets of auxin signaling that regulate leaf patterning. ARF transcription factors are important auxin signaling mediators. Therefore, we first analyzed ARF expression patterns during early leaf development to understand spatial auxin signaling.
MONOPTEROS (MP) is an ARF that regulates the expression of auxin responsive genes and has been recently shown to regulate leaf development [17, 30] . A functional pMP::MP-GFP fluorescent marker shows that MP is expressed in young leaf primordia, and becomes obviously adaxially expressed after P 2 , which designates the second youngest primordium ( Figures 1A, S1A , and S1C). In P 3 and P 4 , MP expression is found in the middle domain, covering the marginal domains, and part of the adaxial domain. In addition, the expression domain of MP expands from the apex to base from P 2 to P 4 , consistent with the basiplastic gradient of leaf expansion in Arabidopsis [31] . In addition to MP, there are four other ARF activators, NONPHOTOTROPIC HYPOCOTYL4 (NPH4)/ARF7, ARF6, 8, and 19, in Arabidopsis [32] . All these ARFs have expression in the adaxial domain to different extents in young leaf primordia ( Figure S1B ).
ARFs activate auxin signal transduction in response to auxin. Consistent with a previous report [17] , the auxin signaling sensor DII-Venus, whose signal indicates low auxin, is enriched in the adaxial side of the tip region, indicating reduced auxin levels in this domain from P 2 to P 4 ( Figures 1B and S1C) . Nevertheless, dispersed DII-Venus signal was also detected at a low frequency in the epidermis. By contrast, the non-responsive mDII-Venus control has uniform expression in early leaf primordia [33] . To precisely compare auxin distribution and signaling, we crossed the auxin signaling reporter pDR5::GFP-ER with p35S::DII-Venus. In plants co-expressing the two markers, we detected GFP signals in the marginal domain, initially in the tip and then expanded toward the base ( Figure 1B ). On the other hand, an alternative auxin signaling reporter, DR5v2 [34] , had more broad expression in leaf primordia ( Figure S1D ). The MP expression domain partially overlaps with both DR5 and DII-Venus domains. Thus, the spatial distributions of auxin and MP, as well as additional ARF activators, lead to refined auxin signaling in the marginal domain. We detected the expression of WOX1 and PRS in the marginal domain [22, 23] (Figures 1C  and 1D ), completely covered the DR5 regions. Thus, WOX1 and PRS expression overlaps with auxin signaling maxima in the leaf marginal domain.
MP Acts in Leaf Blade Outgrowth and Regulates WOX1 and PRS Expression Previous studies have shown that ectopic MP activity leads to defective leaf development [17, 30] . To test whether MP is involved in normal leaf development, we analyzed the leaf phenotype in arf5-1, a strong MP mutant allele. The cotyledons and rosette leaves of 5-day-old arf5-1 mutant were narrower than wild-type leaves (Figures 2A and 2B ). Furthermore, after growing for 17 days, about 7.5% (3/40) of arf5-1 mutants form needle-like rosette leaves that fail to flatten ( Figures 2C and  2D ). The frequency of needle-like lateral organs was substantially increased to 100% in the mp-G12 nph4-1 mutant ( Figures  2E and 2F ), suggesting redundant roles of NPH4 with MP in leaf development. These results indicated that MP is involved in normal leaf development, especially leaf flattening.
Because WOX1 and PRS expression overlaps with auxin signaling in the marginal domain, and MP-mediated auxin signaling regulates leaf flattening, we speculated that MP and related ARF activators promote WOX expression. To this end, we first analyzed PRS expression in the mp nph4 mutant leaves. The detection of FILAMENTOUS FLOWER (FIL) confirmed that the needle-like structure had lateral organ identity [35] (Figure 2G) . However, we could not detect PRS expression in the needle-like lateral organs ( Figure 2H ).
Because leaf development is severely compromised, we also made a presumably dominant-negative MP to understand its role in regulating WOX expression and leaf flattening. We expressed a constitutively repressive fusion protein of MP, which lacks domains III and IV and is fused to an ETHYLENE RESPONSE FACTOR-associated Amphiphilic Repression (EAR) motif and a GR domain (termed MPD-EAR-GR), under the endogenous MP promoter. The deletion of domains III and IV makes the fusion protein escape auxin regulation [30] , and the EAR domain converts MP into a transcriptional repressor [36] , so that the MPD-EAR-GR fusion protein constitutively represses target gene expression, and thus auxin signaling, after dexamethasone (Dex) induction. Using Dof5.8, a previously reported direct target gene of MP [37] , we confirmed that the MPD-EAR-GR fusion protein could suppress target gene expression as designed ( Figure S2A ). We found that Dex induction resulted in narrower leaves suggesting a reduction of the leaf blade outgrowth ( Figures 2I and S2B) , reminiscent of the phenotypes observed in wox1 prs mutants [22, 23] . Furthermore, we found that a 4-hr Dex induction of MPD-EAR-GR resulted in a downregulation of WOX1 and PRS expression ( Figure 2J ). Taken together, these results indicated that MP promotes WOX1 and PRS expression and leaf flattening.
Ectopic Adaxial WOX1 and PRS Expression Leads to Defective Leaf Flattening Previous studies have shown that MPD, which escapes auxin regulation and becomes constitutively active without auxin, leads to severe defects in leaf adaxial-abaxial polarity development [17, 30] . We went on to test whether this polarity defect is caused by ectopic WOX1 and PRS expression. In transgenic pMP::MPD plants, leaf blade outgrowth (i.e., mediolateral axis expansion) is reduced but blade thickness is increased, suggesting ectopic adaxial-abaxial expansion ( Figures 3A and 3H ). In addition, small blade outgrowths appear on the adaxial leaf surface, a phenotype also observed in WOX1 overexpressing leaves [22] . An qRT-PCR assay indicated that WOX1 and PRS expression in pMP::MPD plants increased 3-and 10-fold higher, respectively, compared to the wild-type ( Figure 3B ). To further test whether forced adaxial auxin signaling is sufficient to trigger WOX1 and PRS expression, we expressed MPD in the adaxial epidermis from the AS2 promoter. We observed comparable upregulation of WOX1 and PRS expression in pAS2::MPD plants ( Figure 3B ). An in situ hybridization (ISH) analysis revealed that the WOX1 and PRS expression domain expanded from the middle domain into the adaxial domain in pMP::MPD leaf primordia ( Figures 3C and S3B ). We also tested whether auxin treatment can upregulate WOX expression in leaves. The structure of the Arabidopsis shoot apex prohibited access to early primordia, where auxin treatment is functional. To this end, we used tomato shoot apices with larger leaf primordia. We found the homologous SlWOX1 expression was upregulated after a 24-hr IAA treatment ( Figure S3A ). These results indicated ectopic adaxial MP activation induced ectopic adaxial WOX gene expression, further supporting that MP activates WOX1 and PRS expression.
To test whether ectopic WOX expression causes leaf polarity development defects, we crossed the pMP::MPD transgenic plants with wox1-2 or prs mutants. Whereas both wox1-2 and prs single mutant leaves show no obvious phenotypes, wox1-2 prs double-mutant leaves are narrower than wild-type leaves [22, 23] . Introduction of either wox1-2 or prs could partially, but significantly, restore leaf expansion in pMP::MPD (Figures 3D and 3F-3H), although the expression level of MPD was comparable in the wox1-2 background and even higher in the prs background ( Figure 3E ). We could not obtain pMP::MPD wox1-2 prs plants. Because we observed a high frequency of seed abortion in pMP::MPD wox1-2 prs/ + siliques, ectopic MPD may lead to defective embryogenesis in the wox1-2 prs background. The results indicated that the ectopic adaxial MP activity, which is otherwise suppressed due to lack of auxin, induces ectopic WOX1 and PRS expression to alter normal leaf patterning.
MP Directly Upregulates WOX1 and PRS Expression
To investigate whether the MP protein directly induces WOX1 and PRS expression, we constructed a Dex-inducible pMP::MPD-GR line. Activation of MPD-GR by Dex application led to an inhibition of blade outgrowth and ectopic adaxial-abaxial axis thickening ( Figure 4A ), which is similar to pMP::MPD leaves ( Figure 2I ). An qRT-PCR analysis indicated that Dex induction of MPD-GR triggered WOX1 and PRS expression upregulation within 4 hr ( Figure 4B ). We could also detect WOX1 and PRS induction with the presence of cycloheximide (CHX), an inhibitor of protein biosynthesis, suggesting that induction of WOX1 and PRS does not require de novo protein synthesis and that these genes are likely direct targets of MP. An analysis of the WOX1 and PRS promoter regions identified multiple auxin-response element (AuxRE) core motifs, which are sufficient for ARF recruitment [32] ( Figure 4C ). In particular, we found one AuxRE pair in the WOX1 promoter region, and two pairs in the PRS promoter region. Although AuxRE pairs may not be necessary for MP binding, such pairs have been identified in a few known MP target genes [38] , making them good candidates as MP binding sites.
To determine whether MP associates with the promoters of WOX1 and PRS in vivo, we performed chromatin immunoprecipitation (ChIP) assays using pMP::MP-GFP and pMP::MP-HA transgenic lines [39] . Using a series of primer pairs distributed over the WOX1 and PRS promoters covering AuxRE motifs ( Figure 4C ), we found that MP binds 1,200 bp upstream of the WOX1 start codon and 1,500 bp upstream of the PRS start codon positions, which both contain AuxRE pairs ( Figures 4D and 4E) .
A yeast one hybrid (Y1H) assay further confirmed that MP bound to the upstream promoter fragments containing AuxRE pairs identified by ChIP assay, but not other AuxRE motif-containing ones ( Figure 4F ). The additional weak binding regions detected by ChIP assays may imply that MP associates with other regions by interacting with transcription factors that binds to other elements. We performed transient expression assays using Nicotiana benthamiana leaves to further test effects of MP on pWOX1::firefly luciferase (Luc) reporter expression. We observed that MP promotes expression of pWOX1::Luc (Figures 4G-4I ). Taken together, our results indicated that MP activates WOX1 and PRS expression through direct binding to their promoter regions.
To test whether the AuxRE bound by ARFs in the WOX1 promoter region is critical for WOX1 activity, we made specific deletions of this region. When we fused WOX1 to its intact endogenous promoter, and transformed into wox1-2 prs mutant plants, the vast majority of the obtained transgenic lines (95%, 55/58) were rescued to wild-type-like leaf shape ( Figures 4J,  4K , and S4). However, deletion of the AuxREs led to a substantial portion of the transgenic lines (33%, 20/61) unable to rescue the leaf flattening defect of wox1-2 prs plants ( Figures 4J, 4K , and S4). This result further confirms the important role of the AuxRE region in regulating WOX1 activity.
ARF2, ARF3, and ARF4 Suppress WOX1 and PRS Expression in the Abaxial Domain Previous studies have shown that ARF3 and ARF4 promote leaf abaxial identity [9] [10] [11] . Both ARF3 and ARF4 are targets of ta-siRNAs derived from the adaxial expressed TAS3 gene [10] , and their expression is restricted to the abaxial domain [11] . A careful analysis indicated that ARF3 has relatively uniform expression in P 1 and P 2 stages and is restricted to the abaxial domain in the P 3 stage ( Figure 1E ). TAS3 derived ta-siRNAs also targets ARF2 [40, 41] , although the arf2 mutation alone causes no organ asymmetry phenotype [42, 43] . ARF2, ARF3, and ARF4 all encode transcriptional repressors [32] , and they bind to the same AuxRE sequence as ARF activators [38, 44] , leading to the hypothesis that these three ARF repressors redundantly regulate WOX expression, antagonistic to MP.
To test whether these ta-siRNA-targeted ARF genes regulate WOX1 and PRS expression, we first checked WOX gene expression in arf2-6, and arf3-1 arf4-2 mutants, as well as in ARF2 overexpression transgenic plants (ARF2ox), respectively ( Figures  5A-5D ). The expression of WOX1 and PRS increased in both arf mutant backgrounds, and mildly decreased in the ARF2ox transgenic plants. Further ISH analyses revealed that the WOX1 and PRS transcript accumulation expanded into the abaxial domain in arf3-1 arf4-2 leaf primordia ( Figures 5B and  S5A ). These results indicated that these ARFs negatively regulate the expression of WOX genes.
To determine whether ARF2 is involved in leaf development, we compared the cross sections of arf2-6 and ARF2ox rosette leaf blades with that of wild-type plants ( Figure 5E ). In wildtype leaves, there is a steep contrast of adaxial and abaxial mesophyll morphology: cells in the adaxial two layers are larger, round, and densely packed, whereas cells in the abaxial two layers are more branched and are separated by spacious air spaces. In arf2-6, abaxial mesophyll cells are less branched, and all mesophyll cells in ARF2ox are round shaped. Furthermore, we constructed arf2-6 arf3-1 arf4-2 triple mutant plants (Figures 5F, S5B, and S5C). Whereas arf3-1 arf4-2 leaves have mild leaf polarity defects [11] , arf2-6 arf3-1 arf4-2 leaves have more severe leaf patterning defects when plants are mature (20 days after germination). We observed frequent deep lobes and occasional trumpet-like leaves in the triple mutant but not the double mutant. In addition, there are more adventitious small blade protrusions on the abaxial side in the triple mutant. We also designed an artificial miRNA (amiRNA) targeting ARF2, ARF3, and ARF4 [45] , amiR-ARF, and constitutively expressed it under the control of the Cauliflower Mosaic Virus 35S promoter (p35S). Leaves of p35S::amiR-ARF lines resemble the observed arf3-1 arf4-2 leaf phenotypes ( Figures S6A and S6B) , possibly due to residual expression of any of the three ta-siRNA-targeted ARFs ( Figure S6C ). In summary, ARF2 is redundantly involved in leaf polarity development along with ARF3 and ARF4.
To reveal whether the three ta-siRNA-targeted ARFs directly suppress WOX1 and PRS expression, we used a Dex inducible pARF3::mARF3-GR line, which has TAS3-independent ARF3-GR expression [46] . We measured the effect of ARF3 activation in pARF3::mARF3-GR plants on WOX1 and PRS expression by qRT-PCR. ARF3 activation resulted in rapid reduction of both WOX1 and PRS transcripts levels within 4 hr, in the absence or presence of the protein synthesis inhibitor CHX ( Figure 6A ), suggesting direct transcriptional suppression. We further performed ChIP and Y1H assays to confirm direct binding of ARF3 to WOX1 and PRS promoter regions and to test whether ARF2 and ARF4 also bind to the same regions. ChIP results indicated that ARF3 bound to the WOX1 and PRS promoters ( Figure 6B ). The Y1H experiments suggested that all three ARFs bound to the MP-bound promoter regions of WOX1 and PRS (Figures 6C  and 6D ). Both regions harbor one or two AuxRE pairs. Taken together, these results support that the three ARF repressors redundantly suppress WOX1 and PRS expression by directly binding to their promoter regions that are also targeted by MP. MP and ARF3 Play Antagonistic Roles in Regulating WOX1 Promoter Activity Since MP and ta-siRNA-targeted ARF repressors have opposite effects on WOX1 and PRS expression (Figures 2, 3, 4 , and 5), and all these ARFs can bind to the same promoter regions (Figures 4 and 6) , we speculated that ARF activators (I) Quantitative analysis of luminescence intensity in (G). Five independent replicates were performed. Data are presented as mean ± SD for more than three independent experiments. *p < 0.05. and ARF repressors compete for access to WOX1 and PRS promoters and thereby refine spatial expression of WOX1 and PRS in the leaf marginal domain. To test this hypothesis, we performed transient expression assays using Nicotiana benthamiana leaves to test effects of MP and ARF3 on pWOX1::Luc reporter expression. We observed that MP promotes pWOX1::Luc reporter expression, and ARF3 interfered with MP activation of pWOX1::Luc expression (Figures 7A-7C) . Thus, ARF3 as a repressor antagonizes MP activation of WOX1 expression, presumably through competing for access to the same promoter regions.
ARF2, ARF3, and ARF4 Contribute to Leaf Blade Outgrowth
To further understand the genetic interactions between the ta-siRNA-targeted ARF genes and WOX genes, we introduced p35S::amiR-ARF into wox1-2 prs. Suppression of ARF2, ARF3, and ARF4 expression further enhanced the leaf blade outgrowth defect of wox1-2 prs (Figures 5G-5I ). We observed a ''bladeless'' phenotype at high frequency ( Figures 5G and 5H) , that resembles the classical lam1 mutant of Nicotiana sylvestris [47] . Thus, these ta-siRNA-targeted ARF genes also contribute to leaf blade outgrowth, especially when WOX activity is missing. The wox1-2 prs p35S::amiR-ARF leaves are radially symmetric ( Figure 5I ), which is also observed in lam1 and related Medicago stf mutant [24, 47] . In contrast to tobacco, Medicago and maize, Arabidopsis wox1 prs mutants only have mild leaf blade outgrowth phenotype. These ta-siRNA-targeted ARF genes may provide the remaining leaf blade outgrowth activity.
DISCUSSION
Leaf flattening promotes efficient photosynthesis and is an excellent model to study organ patterning. Although leaves exhibit determinate growth with a finite period of development, it has long been proposed that leaves also require meristem activity that ensures cell proliferation [18-21]. Similar to the SAM and the root apical meristem (RAM), leaf meristems have active Figure 4C . Note fragment 3 of PRS was excluded due to strong self-activation in yeast.
proliferative activity to produce cells that further differentiate to enable leaf blade outgrowth. Notably, leaf meristems share highly conserved genes with the SAM and RAM. The WOX genes, which are key for maintaining stem cells both in SAM and RAM, are also expressed in the leaf meristems [22] [23] [24] [25] . WOX1 and PRS for the leaf meristems and WUS for the SAM are partially interchangeable [27] [28] [29] , further supporting the similarity between leaf meristems and the SAM. Unlike the apical meristems, leaf meristems do not maintain indeterminate self-renewal and cell proliferation. Cell division ceases in leaves after a certain time period, similar to the floral meristem. Thus, leaf patterning, especially flattening, depends on activities of leaf meristems.
It has long been proposed that the establishment of adaxialabaxial polarity conditions establishment of the mediolateral axis and subsequent leaf flattening [1] . By showing how WOX expression is defined, our study establishes a molecular link between the two axes ( Figure 7D ). Auxin is depleted from the adaxial domain during early leaf development [17] . On the other hand, MP (and possibly other ARF activators) is expressed in the adaxial and marginal domains right after leaf initiation (P 2 in Figures 1A and S1C) . The combination of auxin and ARF activator distribution results in restricted auxin signaling in the marginal domain ( Figure 1B ). In the root, HD-ZIP III transcription factors activate MP expression [48] . The same HD-ZIP IIIs are expressed in the leaf adaxial domain and may set up the initial adaxial-enriched MP expression. Because auxin signaling promotes MP expression [49] , this positive feedback loop may further refine MP expression to the marginal domain ( Figure 1A) . MP promotes the expression and polarization of the auxin efflux carrier PIN-FORMED1 [49, 50] , further reinforcing the positive feedback loop and the marginal auxin signaling maxima. Nevertheless, weak auxin signaling may also exist in other regions, as suggested by the uniform DR5v2 expression ( Figure S2D ). DR5v2 is expected to be more sensitive to low level auxin signaling than the classical DR5 reporter [34] .
Our genetic and molecular analysis indicated that the marginal auxin signaling activates WOX1 and PRS expression (Figures 3 and 4) , mediated by direct binding of MP to WOX promoter regions (Figure 4) . Furthermore, the three abaxially expressed ta-siRNA-targeted ARFs, which are transcriptional repressors [32] , suppress WOX1 and PRS expression in the abaxial domain by binding to the same AuxRE-containing promoter elements targeted by MP (Figures 4, 5, and 6 ). Recent structural analysis showed that both MP and ARF1, another ARF repressor, each form homodimers and bind to related AuxRE pairs [38] . It is conceivable that ARF repressors compete with ARF activators to restrict WOX expression. Albeit both under auxin signaling regulation, the expression domains of PRS and WOX1 do not fully overlap ( Figures 1C and 1D) [22], suggesting additional regulators further specify their expression.
Our results also indicated that the three abaxially expressed ta-siRNA-targeted ARF repressors may regulate leaf patterning at two levels. The three ARF repressors promote the abaxial fate and restrict WOX expression ( Figure 5B ). Loss of these ARF repressors leads to adventitious small blade protursions on the abaxial side, which is associated with ectopic abaxial WOX activities (Figures 5F, S5 , and S6) [11] . In addition, the abaxial-expressing ARF repressors may also contribute to leaf blade outgrowth. Introducing amiR-ARF into the wox1-2 prs double mutant lead to synergistic effect ( Figures 5G-5I) . The wox1-2 prs amiR-ARF plants showed a bladeless phenotype, suggesting strongly enhanced mediolateral growth defects. Thus, these ARF repressor genes also contribute to leaf blade outgrowth. In contrast, loss of WOX activity alone is sufficient to induce a bladeless phenotype in tobacco and Medicago [24, 47] , suggesting different contributions of ARF repressors to leaf blade outgrowth in different plant species.
Overall, our analyses show that the adaxial-abaxial distribution of auxin, ARF activators, and ARF repressors collectively defines WOX1 and PRS expression and the leaf meristem to the marginal domain. The leaf marginal meristem enables leaf expansion and establishes the mediolateral axis [22, 24] . Finally, the leaf marginal meristem is gradually suppressed by multiple NGATHA (NGA) and CINCINNATA-class-TCP (CIN-TCP) transcription factors, resulting in determinate leaf growth [21] .
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Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Growth conditions
Arabidopsis thaliana plants were grown in soil under constant light at 22 C. For imaging and ISH, seeds were stratificated for 2 d on 1/2 Murashige and Skoog (MS) medium (Duchefa), 1% (w/v) sucrose, and 0.8% (w/v) agar in the dark at 4 C and then under short-day conditions (8 hr light/16 hr dark) for 15 d.
Genetic material
The Arabidopsis thaliana ecotypes Columbia (Col-0) and Landsberg erecta (Ler) were used as the wild-types. The arf5-1, mp-G12 nph4-1 [50] , arf2-6 (CS24600) [42] , arf3-1 (CS24603) [43] , arf4-2 (SALK_070506C) [11] [54] , and ARF2ox [55] are in Col-0, and pARF3::ARF3-GFP and pARF3::mARF3-GR are in Ler [46] .
METHOD DETAILS
Construction of transgenic plants
To construct pMP::MPD-GR, a 6,695-bp MP genomic DNA fragment (containing 3,231 bp upstream and 3,461 bp downstream of the start condon, respectively) was amplified using the forward primer MP-F and the reverse primer MP-R and fused in-frame to GR through cloning between the XhoI and XbaI sites of the binary vector pG0229. To construct pMP::MPD-EAR-GR, a 120-bp fragment coding for 183-222 amino acids of AtERF4 was amplified using the primer AtERF4-F and AtERF4-R and fused to the C terminus of pMP::MPD through the SacI site in the pEASY-Blunt vector (TransGen). The resulting fusion gene was cloned between the XhoI and XbaI sites of the binary vector pG0229. These constructs were transformed into Col-0 plants, and more than 10 independent stable transgenic lines were characterized for each construct.
To construct pWOX1::WOX1-mCherry, a 6,482-bp WOX1 genomic fragment (containing 4,456 bp upstream and 2,023 bp downstream of the start condon, respectively) was amplified using the forward primer WOX1-F and the reverse primer WOX1-R and fused in-frame to mCherry through cloning between the BamHI and XhoI sites of the binary vector pYBA1128. To obtain the pWOX1D::WOX1-mCherry construct, a 142-bp fragment (1,347-bp to 1,205-bp upstream of the start codon) was deleted using PCR and the deleted version of WOX1 genomic fragment was cloned into pYBA1128 between the BamHI and XhoI sites. The two constructs were transformed into wox1-2 prs double mutants, and more than 50 independent stable transgenic lines were characterized for each construct.
For transformation of Arabidopsis plants, Agrobacterium tumefaciens strain GV3101 and floral dip method were used in all the transformation experiments [56] .
RNA extraction and RT-PCR
Total RNA was extracted from inflorescences or leaves using the RNeasy Micro kit (QIAGEN) according to the manufacturer's instructions. For Dex/CHX treatment experiments, transgenic shoot apexes were treated by 10 mM Dex alone or with 10 mM CHX for 4 hr. The first strand of cDNA was synthesized using TransScript One-Step gDNA Removal and cDNA synthesis SuperMix (TransGen), and then used as templates for reverse transcription quantitative PCR (RT-qPCR). RT-qPCR was performed through the Bio-Rad CFX96 real-time PCR detection system using KAPA SYBR FAST qPCR kit (KAPA Biosystems). The relative expression levels of target genes were normalized to ACTIN2 (At3g18780) levels. All primers used in RT-qPCR were listed in Table S1 . The inflorescences were grinded to fine powder and then fixed with 1% formaldehyde (10 mM phosphate buffer, 0.1 M NaCl, 10 mM mercapto-ethanol, 1M hexylene glycol) for 10 min. Then 0.125 M glycine was added to stop the crosslink through incubate for 5 min. The solution was filtered through 4 layers of miracloth. Nuclei were isolated through centrifugation at 12,000 rpm for 10 min. The nuclei precipitate was rinsed for 3 times with buffer containing 10 mM phosphate buffer, 0.1 M NaCl, 10 mM mercapto-ethanol, 1 M hexylene glycol, 10 mM MgCl 2 and 0.5% Triton X-100. Nuclei were lysed with nuclei lysis buffer (50 mM Tris-HCl, pH8.0, 10 mM EDTA, 1% SDS). Protease inhititors were added in all the above liquids. The chromatin was sheared to an average size of 500 bp by sonication. The supernatant after centrifugation was used as input. Immunoprecipitations were performed using anti-GFP or anti-HA antibodies. No-antibody controls were used to calculate enrichment. PCR was performed using the precipitated DNA as templates. The enrichment of DNA fragments was determined by quantitative PCR analysis. Three independent biological repeats were performed for each ChIP analysis. All primers used in ChIP-PCR were listed in Table S1 .
Yeast one-hybrid assay To make the yeast one-hybrid assay bait constructs, promoter fragments of WOX1 and PRS were amplified from genomic DNA using specific primers (see Table S3 ). The PCR products were ligated into pAbAi vector (Clontech). Then the bait plasmids were linearized by BstBI and integrated into yeast strain Y1HGOLD using PEG-mediated transformation according to the manufacturer's instructions (Yeast Hand Book; Clontech, PT3024-1). Transformants were selected on media lacking uracil, verified by PCR using a promoterspecific primer and a yeast chromosome primer, and tested for auto-activation according to the manufacturer's instructions. All AD-TF prey clones were derived from pDEST22 (Life Technologies). Yeast one-hybrid assay was performed according to the user manual of Matchmaker TM Gold Yeast One-Hybrid Library Screenig System (Clontech, 630491). Briefly, AD-TF plasmids were directly transformed into Y1HGOLD bait strains harboring genomic promoter-reporters through PEG-mediated transformation, and transformants were selected on media lacking uracil and tryptophan but containing 800 ng/ml aureobasidin A (AbA). An equal amount of transformed yeast culture was plated on medium lacking uracil and tryptophan without addition of AbA to control for transformation efficiency. Positive interactions were identified based on growth ability after transformation, on AbA-containing medium for 3 days. All interactions were validated by retesting using the same procedure.
In situ hybridizations ISH was performed on 8 mm paraffin sections. Details of methods used for fixation of plants, embedding in paraffin, and in situ hybridization can be found at http://www.its.caltech.edu/plantlab/protocols/insitu.html. Sections were cut with a Leica RM2255 ortary microtome. WOX1 and PRS probes were generated through amplifying of nucleotides 235 to 1030 of WOX1 and 192 to 828 of PRS coding sequences by PCR with the forward primers 5 0 -CCGACACCAGATCAGTTAAG-3 0 , 5 0 -GAATGCGGTGCAGAT ACAACA-3 0 and reverse primers 5 0 -CATAGAAACAGTGAATGCCA-3 0 , 5 0 -GGTACTGTCTTGTTTGGAGT-3 0 , respectively. The fragments were subsequently cloned into the pEASY-Blunt vector.
Tissue preparation for confocal analysis Shoot apices with leaves removed were collected and immediately placed in 2.5% paraformaldehyde (PFA; Sigma-Aldrich) at pH 7.0 at 4 C, vacuum infiltrated for 30 min, and then were stored overnight at 4 C. Fixed tissue samples were washed with 10% (w/v) sucrose and 1% PFA at pH 7.0 for 20 min, 20% sucrose and 1% PFA at pH 7.0 for 20 min, and 30% sucrose and 1% PFA at pH 7.0 for 30 min, successively. Samples were then embedded in 5 to 7% (w/v) low melting point agarose (Promega) liquid gel at 30 C and placed at 4 C for 15 min to solidify. Sections of 50 mm were made using a Leica VT1000S vibratome. For high-resolution images, samples were stained with 50 mg/mL propidium iodide (PI, Sigma-Aldrich).
Live imaging
To dissect vegetative SAMs, seedlings grown under short-day conditions for 15 days were transferred to the dissecting medium (3% agarose) and fixed into a hole using forceps. Leaf primordia older than P 4 were carefully removed using a fine needle tip under a stereomicroscope (Nikon, SMZ18). FM4-64 (Thermo Fisher, 10 mg/mL) was applied to the SAM for 10 min. The dissected meristem with P 2 or P 3 was transferred to the imaging medium (1/2 MS medium with 1% agarose on the top) before live imaging. All live imaging was performed using 60 3 water dipping lens.
Confocal microscopy, optical microscopy, and scanning electron microscopy Confocal images were taken with a Nikon A1 confocal microscope. Excitation and detection windows setups for GFP, Venus, and tdTomato were as described [17] . For imaging GFP and autofluorescence together, both were excited with a 488 nm laser and the emission was splited with a 500-550 nm band-pass filter for GFP and a 660-700 nm filter for autofluorescence. To detect the signal of GFP together with FM4-64 or PI, 488 nm for GFP and 561 nm for FM4-64 or PI lasers were used for excitation, 500-530 nm band-pass filter for GFP and 570-620 nm band-pass filter for FM4-64 or PI were used for detection. For the combination of GFP, Venus and FM4-64, GFP and FM4-64 were detected together as described above and Venus was imaged alone using a 514 nm laser excitation and a 524-550 nm band-pass filter emission. Then the two scan results stacked together automatically. To image tdTomato, a 561 nm laser was used for excitation and a 570-620 nm band-pass filter was used for detection. All images were scanned with 1024 3 1024 pixels. All optical photographs were taken with a Nikon SMZ1000 stereoscopic microscope or an Olympus BX60 microscope equipped with a Nikon DS-Ri1 camera head. Scanning electron microscopy was performed using the Hitachi S-3000N variable pressure scanning electron microscopy.
Transient expression assays
The transient expression assay was performed in N. benthamiana leaves essentially as previously described [57] . The WOX1 promoter was isolated using the forward primer 5 0 -GCGGTACCATGCTTGAAAATATCTCTGT-3 0 and the reverse primer 5 0 -CACTCGAGCTCTGGTTGCGTGTCGCATC-3 0 and cloned into pGL3-basic vector (Promega) at the KpnI (5 0 end) and XhoI (3 0 end) sites upstream of LUC. The WOX1 promoter with the mutated MP binding sites (pWOX1D) was amplified using the forward primer 5 0 -TCTCATATTCTTTTTAAAATTTATATTAATCT-3 0 and the reverse primer 5 0 -GATTAATATAAATTTTAAAAAGAATATG AGATCCC-3 0 from pGL3-pWOX1-LUC plasmid. Then the fused pWOX1::LUC and pWOX1D::LUC genes were subcloned into the KpnI and BamHI sites of pCAMBIA1300 vector. To generate MP effector construct, the MP cDNA was PCR amplified with the forward primer 5 0 -CACCCGGGATGATGGCTTCATTGTCTTG-3 0 and reverse primer 5 0 -CGACTAGTTTATGAAACAGAAGTCTTAA-3 0 , and then was subcloned into the SmaI and SpeI sites downstream of the p35S promoter of the HA-pBA vector. For the 35S::mARF3 construct, the mutated form of ARF3 cDNA was obtained as previously described [58] and subcloned into the SmaI and SacI sites downstream of the p35S promoter of the HA-pBA vector.
The above constructs were transformed into GV3101 and the obtained Agrobacterium strains were used to infiltrate N. benthamiana leaves. Infiltrated plants were incubated at 22 C for 72 hr before CCD imaging. The LUC images were captured using a low-light cooled CCD imaging apparatus (NightOWL II LB983 with indigo software). The transformed leaves were sprayed with 100 mM luciferin and placed in darkness for 5 min before luminescence detection. Error bars represent SD. Experiments were repeated at least five times.
QUANTIFICATION AND STATISTICAL ANALYSIS
For phenotypic quantification (as shown in Figures 2B, 3G , and 4K), leaf length and width were measured using the Nikon NIS-Elements software and the data were shown in mean ± SEM, and n indicates the number of leaves used for quantification. The details are as follows: Figure 2B : Col-0 cotyledon (n = 12), arf5-1 cotyledon (n = 12), Col-0 rosette leaf (n = 10), arf5-1 rosette leaf (n = 20). Figure 3G : WT (n = 6), wox1-2 prs (n = 6), MPD (n = 6), MPD wox1-2 (n = 3), MPD prs (n = 4). Figure 4K : Col-0 (n = 24), wox1-2 prs (n = 18), pWOX1::WOX1 (n = 24), pWOX1D::WOX1 (n = 18). Statistical analysis was performed through Student's t test in Excel, and p values less than 0.05 was considered significant for any set of data.
